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WIND-TU"EL INVESTIGATION OF EFFECT OF RATIO 

OF WING CHORD TO PROPELLER DIAMETER W I T H  ADDITION OF 

SLATS ON THE AERODYNAMIC CHARACTERISTICS OF TILT-WING 

VTOL CONFIGURATIONS ID THE TRANSITION SPEED RANGE 

By Robert T. Taylor 
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SUMMARY 

An invest igat ion has been made i n  t h e  kingley 300-MPH 7- by 10-foot 
tunnel  t o  determine the  e f fec t  of changes i n  wing chord and the  e f f e c t  
of addi t ion of 0 . 1 5 ~  leading-edge s l a t s  on t h e  longi tudinal  aerodynamic 
c h a r a c t e r i s t i c s  of a small wing-propeller combination simulating a twin- 
engine, t i l t - w i P 4 ,  vertical-take-off-azd-lmdifig a i r c r a f t .  

Increases i n  wing chord serve t o  reduce the  sever i ty  of t h e  s ta l l  
i n  t h e  t r a n s i t i o n  speed range. Extending a 0 . 1 5 ~  leading-edge slat a l s o  
decreases the  sever i ty  of the  s t a l l  but i n  some cases gives s izable  nose- 
up pi tching moments. 

INTRODUCTION 

One method of a t t a i n i n g  v e r t i c a l  take-off and landing with a more 
or l e s s  conventional cruis ing configuration i s  t h e  so-called " t i l t - w i n g "  
arrangement. With t h i s  arrangement the wing-engine-propeller combination 
t i l t s  goo so t h a t  the propel ler  thrust  opposes t h e  weight of the  machine 
i n  the  hovering condition. 
conventionally. Previous investigations ( r e f s .  1 and 2)  have shown t h a t  
t h e  s ta l l  i n  the region of t r a n s i t i o n  f l i g h t  between hovering and t h e  
speed f o r  minimum power i s  a major factor  a f f e c t i n g  t h e  power requirements 
i n  t h e  t r a n s i t i o n  speed range. 
may be encountered with t h e  wing p a r t i a l l y  s t a l l e d .  

I n  cruising f l i g h t  t h e  combination is  arranged 

It i s  a l s o  1 i k e l y . t h a t  control  d i f f i c u l t i e s  

The l o c a l  angles of a t tack  that the  wing experiences i n  t r a n s i t i o n  
arise from t h e  vector addi t ion of the free-stream and propel ler  sl ipstream 
v e l o c i t i e s .  The propel ler  slipstream i s  seen t o  be a strong f a c t o r  i n  
decreasing the  l o c a l  angles of a t t a c k  of the  wing and therefore  i n  mini- 
mizing the tendency of the  wing t o  s t a l l .  However, i f  the  sl ipstream 
ve loc i ty  i s  too  low (because of low disk loading, f o r  instance)  s ta l l  may 
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be encountered even i n  t h e  presence of t h e  sl ipstream. This s o r t  of 
qua l i ta t ive  reasoning ind ica tes  that s t a l l i n g  tendencies of t i l t -wing  
configurations should be decreased by increasing e i t h e r  t h e  propel ler  
d i sk  loading or  t h e  w i n g  area.  

. 

The present invest igat ion w a s  undertaken t o  obtain quant i ta t ive  
information on t h e  e f f e c t  of t h e  r a t i o  of wing s i z e  t o  propel ler  s i z e  on 
t i l t -wing s t a l l i n g  c h a r a c t e r i s t i c s .  I n  order t o  simplify t h e  investiga- 
t i o n  the t e s t s  were made by varying t h e  wing chord behind a propel le r  of 
constant d i sk  loading and s i z e .  

Reference 3 ind ica tes  that a leading-edge slat could be e f f e c t i v e  
i n  delaying the  s t a l l  of configurations equipped with large-chord f l a p s  
i n  the  t r a n s i t i o n  speed range. The effect iveness  of leading-edge slats 
i n  delaying t h e  s t a l l  of t i l t -wing configurations i s  a l s o  included i n  
t h e  present invest igat ion.  

SYMBOLS 

Figure 1 presents the  d i rec t ions  of pos i t ive  forces,  moments, and 
angles. 

b 

‘D, o 

CL, s 

cm, s 

cP 

cT 

‘T, s 

cx, s 

propel ler  blade chord, f t  

p r o f i l e  drag coef f ic ien t  

L i f t  l i f t  coef f ic ien t ,  - 
S 

9s  5 
Pitching moment about c/4 

S 
pitching-moment coef f ic ien t ,  

9s 5 
2fiQP 

Pn D 
power coef f ic ien t ,  - 

3 3  

T 
24 Pn D 

t h r u s t  coef f ic ien t ,  

T t h r u s t  coef f ic ien t ,  

Longitudinal force 
longitudinal-force coef f ic ien t ,  

S 
9s 2 
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l i .  

b 

L 
3 
8 
3 

C 

D 

h 

J 

n 

P 

R 

r 

S 

T 

v 

w 
U 

?75 

tl 

71’ 

wing chord, f t  

propel ler  diameter, f t  

propel ler  blade thickness,  f t  

advance r a t i o ,  V/nD 

propel ler  r o t a t i o n a l  speed, r p s  

propel ler  shaf t  power, m, hp 
550 

propel ler  shaf t  torque, f t - l b  

free-stream dynamic pressure, PV 1 2  , lb/sq f t  

sl ipstream dynamic pressure, q + lb/sq f t  
nD2 
T 

propel ler  t i p  radius,  f t  

radius  t o  propel ler  blade element, f t  

t o t a l  wing area, sq f t  

propel ler  shaf t  t h r u s t ,  lb 

free-stream veloci ty ,  f t /sec,  unless  otherwise indicated 

airplane weight, l b  

angle of a t tack,  deg 

propel ler  blade angle a t  0.75R, deg 

Tv propel ler  eff ic iency,  - 
2nnQ 

cos a + \ 1 7  cos a + 7 
V nJZ 

propel ler  effect iveness ,  q 
2 
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Area, 
sq f t  Model 

Vst 

P 

Aspect r a t i o  Chord, 
f t  

T3/2 
s t a t i c  t h r u s t  eff ic iency,  I 

A 

B 

C 

mass densi ty  of a i r ,  slugs/cu f t  

0.33 1.667 0.667 7.50 

.50 2.300 1.000 5.00 

-73 3.750 1.500 3.33 

' I  

MODELS AND AI'PARATLTS 

The wing span, propel le r  diameter, and propel le r  thrus- were held 

The 
constant t o  assess  t h e  e f f e c t  of changes i n  wing chord. Changes i n  wing 
chord brought accompanying changes i n  aspect r a t i o  and w i n g  a rea .  
geometric cha rac t e r i s t i c s  of t he  th ree  models used a r e  given i n  t h e  
following tab le :  

3 

3 
a 

The models each had an NACA 0015 a i r f o i l  sec t ion  with a revolved t i p .  
Sketches of t h e  models and ordinates  of t h e  slat are given i n  f igu re  2, 
and a photograph of model B mounted i n  t h e  Langley 300-MPH 7- by 10-foot 
tunnel  is  shown i n  f igu re  3. The propel le r  blade-form curves a r e  given 
i n  f igure 4. 
of t h a t  used i n  the  inves t iga t ion  of reference 4. 

The propel le r  used i n  these  tests i s  a three-bladed vers ion 

Measurements were made of t he  longi tudina l  force  and moment charac- 
t e r i s t i c s  of t he  wing-nacelle-propeller combination through t h e  angle- 
of-attack and speed range, by means of a three-component strain-gage 
balance t o  which the  root  of the  wing was at tached.  Separate measure- 
ments of p rope l le r  t h r u s t  and torque were made by means of strain-gage 
beams which held a variable-frequency e l e c t r i c  motor securely t o  t h e  
ins ide  of t h e  nace l le .  This system i s  described i n  d e t a i l  i n  reference 1. 
The ro t a t iona l  speed of t he  propel le r  w a s  determined by feeding t h e  out- 
put of a small shaft-connected a l t e r n a t o r  i n t o  a stroboscopic instrument. 

* 
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TESTS 

The t e s t s  were made i n  the  Iangley 300-MPH 7- by 10-foot tunnel  a t  
various free-stream dynamic pressures and propel ler  t h r u s t s  so as t o  
maintain a constant s l ipstream dynamic pressure of 8 pounds per  square 
foot .  The experimental propel ler  e f f ic ienc ies  ( f i g .  5) were determined 
with t h e  propel ler  mounted on w i n g  B f o r  two blade angles a t  an angle 
of a t tack  of 0'. 
through an angle-of-attack range by allowing i t h e  speed of t h e  motor t o  
vary. 

During t h e  t e s t s  the propel ler  t h r u s t  w a s  held constant 

The range of the  var iables  investigated was: CT,s, o t o  0.98; 
a,  -10' t o  120'; and c/D, 0.33 t o  0.75. 
numbers of 352,000 f o r  model A, 530,000 f o r  model B, and 795,000 f o r  
model C y  based on wing chord and average s l ipstream veloci ty .  

The tests were run at  Reynolds 

CORRECTIONS 

Correc t ims  t o  t h e  ve loc i ty  due t o  the  prcpe l le r  c p e r a t i m  vere 
made by the method of reference 1. 

Estimates of t h e  e r r o r s  due t o  stream boundaries were made and 
found t o  be negl igible .  The e r r o r s  due t o  blockage were estimated and 
were found t o  be negl igible  except at the  combined conditions of high 
angle of a t tack  and high veloci ty .  Inasmuch as these  conditions a r e  
u n r e a l i s t i c ,  blocking corrections have not been applied.  

RESULTS AND DISCUSSION 

Wind-Tunnel Results 

The r e s u l t s  of t h e  invest igat ion a r e  presented i n  t h e  following 
f igures :  

Figure 

. . . . . . . . . . . . . . . . . . . . . . . . . .  Propel ler  data 5 1  6 

c/D = 0.33 (model A )  7 
c/D = 0.50 (model B)  . . . . . . . . . . . . . . . . . . . . . .  8 
c/D = 0.75 (model C )  . . . . . . . . . . . . . . . . . . . . . .  9 

Wing data:  . . . . . . . . . . . . . . . . . . . . . .  

Surface t u f t  photographs . . . . . . . . . . . . . . . . . . . . .  i0 
Power required . . . . . . . . . . . . . . . . . . . . . . . . .  11,12 

Flow f i e l d  a t  t a i l  . . . . . . . . . . . . . . . . . . . . . . . .  14 
. . . . . . . . . . . . . . . . . . . .  Untrimmed pi tching moment 13 
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The data  f o r  t h e  propel ler  a t  t h e  blade WLgles used a r e  presented 

The propel ler  effec-  

'Ist as the  

i n  f igure 6 with t h e  propel ler  mounted ahead of wing C, t o  show the  
change of the coef f ic ien ts  with angle of a t tack .  
t iveness 7'  i s  not shown f o r  C T , ~  = 1.0 because t h e  effect iveness  7' 
reduces t o  the  s t a t i c  t h r u s t  e f f ic iency  (figure of m e r i t )  
t h r u s t  coeff ic ient  a t t a i n s  a value of un i ty  (hovering).  

* 

The basic  da ta  f o r  t h e  three  configurations t e s t e d  are presented i n  
f igures  7 t o  9.  The lift coeff ic ient  avai lable  f o r  climbing, leve l ,  and 
descending f l i g h t  may be obtained d i r e c t l y  from t h e  polars  of l i f t  coef- 
f i c i e n t  and longitudinal-force coef f ic ien t  presented i n  these f igures .  
Zero longitudinal-force coef f ic ien t  ind ica tes  a thrust-drag balance and 
therefore a steady l e v e l  f l i g h t  condition. Negative values of 
indicate an excess of drag and therefore  decelerat ing or  descending 
f l i g h t ,  whereas pos i t ive  values of Cx, ind ica te  excess t h r u s t  and 
accelerating o r  climbing f l i g h t .  

I n  general, with power on, maximum l i f t  occurs i n  t h e  region of 
l e v e l  f l i g h t  (Cx,s = 0) and t h e  l i f t  decreases progressively i n  t h e  

descending f l i g h t  region indicat ing t h a t  the  wing i s  s t a l l e d .  

Tuft s tud ies  such as those shown i n  f i g u r e  10 indicate  t h a t  t h e  
s t a l l  i s  gradual and progressive, with appreciable separation present i n  
t h e  leve l - f l igh t  region and some separation apparent w e l l  down on t h e  
climbing-flight l e g  of the  curve. The photographs show t h e  progression 
of t h e  s t a l l  through t h e  wing-attitude range near = 0 a t  t h r u s t  
coeff ic ients  of 0.88 and 0.58. The corresponding data  points  are shown 
shaded in  f i g u r e  8(b)  and 8( c ) .  
selected t o  counter the  t i p  vortex of the w i n g .  A s  a r e s u l t  of the  t w i s t  
i n  the  propeller slipstream, t u f t s  outboard of t h e  engine nacel le  show 
steady a i r  flow t o  much higher angles of a t t a c k  than tu f t s  inboard of the  
nacel le .  The e f f e c t  of the  leading-edge slat  on s t a l l  a l l e v i a t i o n  may 
a l s o  be seen i n  t h e  photographs of f igure  10. 

Propel ler  r o t a t i o n a l  d i r e c t i o n  w a s  

The addi t ion of a s la t  t o  each of the  wings increased the  maximum 
l i f t  and suppressed the separation, but was not adequate t o  eliminate 
completely the separation i n  the l e v e l - f l i g h t  region f o r  any of the  w i n g s  
t e s t e d .  The s la t  pos i t ion  w a s  determined from preliminary t e s t s  of  var- 
ious posit ions and def lect ions a t  a t h r u s t  coef f ic ien t  
0.90. The da ta  indicate ,  however, t h a t  t h e  s ta l l  i s  worse a t  a somewhat 
lower thrus t  coef f ic ien t ,  and possibly a b e t t e r  slat  configuration could 
be found. Both t h e  present t e s t s  and those of reference 2 indicate  that 
a slat  with a la rge  chord, located ahead of and w e l l  above t h e  wing, i s  
needed f o r  s t a l l  control  i n  the t r a n s i t i o n  f l i g h t  regime. This slat 
posi t ion suggests t h a t  the  addi t ional  a rea  supplied by t h e  slat  i s  a l s o  I 

a prime fac tor  i n  t h e  increase of lift. 

CT,s of about 

a 
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. 

Additional da ta  on a t i l t -w ing  airplane model are presented i n  r e f -  
erence 5. The da ta  of reference 5 show less severe s t a l l  than t h e  da ta  
of t he  present  paper; however, it i s  f e l t  t h a t  t h e  cutout i n  t h e  center  
sec t ion  of t h e  wing of  t h e  model used i n  reference 5 decreases t h e  e f fec-  
t i v e  aspect r a t i o  and thereby enables the w i n g  t o  reach higher angles of 
a t t a c k  before s t a l l i n g .  

Calculations f o r  Assumed Airplane 

The e f f e c t s  of changes i n  wing chord and t h e  e f f e c t  of t h e  slat  i s  
bes t  i l l u s t r a t e d  by curves of the power required f o r  an assumed a i rp lane .  
The curves presented i n  figures 11 and 12 were calculated by t h e  method 
of reference 1 from t h e  data of t h e  present paper. "he a i rp lane  assumed 
had t h e  c h a r a c t e r i s t i c s  l i s t e d  i n  table I. 

Effec t  of chord-diameter r a t i o . -  Figure 11 presents  graphica l ly  t h e  
e f f e c t s  of changes i n  t h e  r a t i o  o f  w i n g  chord t o  propel le r  diameter on 
t h e  horsepower required t o  maintain steady l e v e l  f l i g h t  at var ious speeds. 
Increases  i n  c/D lower t h e  s t a l l i n g  speed, because of decreases i n  W/S, 
and decrease t h e  seve r i ty  of t h e  s ta l l  i n  t h e  t r a n s i t i o n  speed range. 
This decrease i n  t h e  sever i ty  of  s ta l l  results i n  l e s s  required power at 
a given speed. From f igx-e  11 it would seem that- a t  values of c/E sozie- 
where below 0.33 t h e  cost  i n  power due t o  s t a l l  could exceed t h e  power 
required f o r  hovering or  possibly even t h e  power i n s t a l l e d  i n  t h e  air-  
plane.  The l a t t e r  s i t u a t i o n  would preclude t r a n s i t i o n  t o  steady l e v e l  
f l i g h t .  

Ef fec t  of slat.- Figure I 2  shows t h e  e f f e c t  on power required of 
extending t h e  0 . 1 5 ~  slat on the  three wings i n  question. The slat  reduces 
t h e  power required i n  the  t r a n s i t i o n  speed range f o r  a l l  the  wings, bu t  
t h e  e f f e c t  decreases with increasing c/D (decreasing aspect r a t i o ) .  

Extension of t he  slat  would be expected t o  cause a change i n  t h e  
maximum untrimmed pi tching moment for  a given w i n g .  Figure 13 shows 
t h a t  with wing A (c/D - 0.33) a re l a t ive ly  s m a l l  e leva tor  de f l ec t ion  w i l l  
be required t o  cont ro l  t h e  slat-generated p i tch ing  moment, whereas with 
wing C (c/D - 0.75) t h e  control  requirements increase almost 50 percent 
when t h e  slat  i s  extended. The foregoing discussion would ind ica te  t h a t  
l i t t l e  reason e x i s t s  f o r  using slats (a t  least i n  the  configuration t e s t e d )  
when t h e  r a t i o  of wing chord t o  propel ler  diameter approaches 0.75. 
s i b l y  a more r e a l i s t i c  approach might l i e  i n  t h e  use of t ra i l ing-edge  
f l a p s  (as indicated i n  r e f .  1) t o  control t he  s ta l l  and t o  a l l e v i a t e  t o  
some exten t  t he  longi tudinal-control  d i f f i c u l t i e s  during t r a n s i t i o n .  

Pos- 

The e f fec t iveness  of a horizontal  t a i l  i n  trimming these  moments 
cannot be determined from t h e  tu f t -g r id  photographs presented i n  figure 14; 
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however they do give an ind ica t ion  of t h e  character of t h e  flow f i e l d  
i n  which t h e  horizontal  t a i l  would have t o  operate. 
located 3 wing-chord lengths behind t h e  model. 

The t u f t  g r i d  w a s  

CONCLUDING REMARKS 

An invest igat ion has been made i n  t h e  Langley 300-MPH 7- by 10-foot 
tunnel  t o  determine the  e f fec t  of changes i n  wing chord and t h e  e f f e c t  
of t h e  addition of a 0 . 1 5 ~  leading-edge s la t  on the  longi tudinal  aero- 
dynamic c h a r a c t e r i s t i c s  of a small-scale wing-propeller combination sim- 
u l a t i n g  8. twin-engine, t i l t-wing, vertical-take-off-and-landing a i r c r a f t .  
I n  t h e  invest igat ion it has been found t h a t  increases i n  wing chord serve 
t o  reduce t h e  sever i ty  of the  s t a l l  i n  t h e  t r a n s i t i o n  speed range. 
Extending a 0 . 1 5 ~  leading-edge slat a l s o  decreases t h e  sever i ty  of t h e  
s ta l l ,  but  i n  some cases gives s izable  nose-up increments i n  pi tching 
moment. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  Va . ,  Apri l  8, 1959. 

4 
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TABU I 

CHARACTERISTICS OF ASSUMED AIRPLANE 

G r o s s w e i g h t , l b .  . . . . . . . . . . . . . . . . . . . . . . .  2,500 
S p a n , f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25 
Span loading, l b / f t  . . . . . . . . . . . . . . . . . . . . . .  100 
Span eff ic iency f a c t o r  . . . . . . . . . . . . . . . . . . . . .  0.80 
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . .  1.0 
Sweep, d e g .  . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
Propeller diameter, f t  . . . . . . . . . . . . . . . . . . . . .  10 

Wing A Wing B Wing C 

k e a ,  s q  f t  . . . . . . . . . . . . . . . . .  83.3 125.0 187.5 
Wing loading, lb/sq f t  . . . . . . . . . . . .  30 20 13.3 
cD,os, s q  f t  . . . . . . . . . . . . . . . . .  2.7 3.11 3.75 

Ratio of wing chord t o  propel ler  diameter . . 0.33 0.50 0.75 
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Figure 3.- Photograph of model B in 300-MPH 7- by 10-foot tunnel.  
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Figure 3 . -  Variat ion of propel le r  eff ic iency with advance r a t i o  f o r  t h e  
blade angles used. a = 0'; c/D = 0.50. 
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(a) Propeller efficiencies. 

Figure 6.- Variation of the propeller characteristics with angle of 
attack through the range of CT,s. c/D = 0.75. 
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( b  ) Propel ler  t h r u s t  and power coef f ic ien ts  . 
Figure 6. - Continued. 
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(c) Propeller advance ratio. 

Figure 6.- Concluded. c 
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Figure 7.- Continued. 

t: 
w 
03 w 



21 

. .  

L 

( c )  CT,s = 0.58. 

Figure 7 . -  Continued. 
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Figure 7.-  Continued. 
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(b) CT,s = 0.88. 

Figure 8.- Continued. 
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(‘I ‘T,s = 0.58. 

Figure 8.  - Continued. 
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(d) CT,s = 0.27. 

Figure 8.- Continued. 
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Figure 8.- Concluded. 
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(b) CT,s = 0.89. 

Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Concluded. 
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Figure 10.- Photographs of the stall pattern as indicated by wool tufts 
on the upper surface of the wing. Model B. 
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(b) c/D = 0.50. 

Figure 12.- Continued. 
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( c )  c/D = 0.75. 

Figure 12. - Concluded. 
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Figure 13.- Continued. 
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( c )  C/D = 0.73. 

Figure 13. - Concluded. 
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